The simultaneous diŠusion and metabolism of ethyl nicotinate (EN) in a cultured human skin model, Living Skin Equivalent-high, was evaluated by the in vitro skin permeation and metabolism experiments, and esterase distribution was also determined. Theoretical calculations using Fick's 2nd Law of DiŠusion with Michaelis-Menten kinetics were performed to obtain the permeation and metabolic parameters together with information on enzyme distribution. The obtained data was compared with the corresponding results in excised hairless rat skin. The partition coe‹cient of EN from the vehicle to the skin was of the same order of magnitude for the cultured human skin and hairless rat skin, but the diŠusion and metabolic parameters were diŠerent. Esterase concentration in the epidermal membrane was greater than in the dermis of cultured skin, which was similar to hairless rat skin. Taking into account the similarities and diŠerences between the membranes, the cultured human skin model can be utilized as a model membrane to rapidly predict simultaneous diŠusion and metabolism of the prodrug through human skin.
Introduction
Transdermal Therapeutic Systems (TTS) or Transdermal Delivery Systems (TDS) are one of the possible Drug Delivery Systems (DDS) that exhibit systemic and local therapeutic eŠects. They have many beneˆts such as avoidance ofˆrst pass metabolism in the liver, easy application and easy termination of drug input when side eŠects are observed. 1) However, skin is generally not a choice site for drug absorption, since its barrier function against the penetration or permeation of drugs and exogenous compounds is high.
2) Many studies have been performed to circumvent the barrier function of skin. For the prodrug approach, [3] [4] [5] [6] iontophoresis, 7) phonophoresis 8) and electroporation 9, 10) are the typical means that have recently been investigated. In this approach, the skin permeation and metabolic reaction rates of prodrugs are important for choosing a good prodrug candidate for skin application. Peptides and oligonucleotides, which are new generation therapeutic entities, are easily metabolized or degraded by the body, such that simultaneous skin permeation and metabolism should be analyzed as well as the prodrug design when developing TTS or TDS that contain these compounds.
We previously analyzed the simultaneous diŠusion and metabolism of ethyl nicotinate (EN) as a model prodrug in hairless rat skin in vitro. 11, 12) It took several hours to one day to kinetically evaluate the diŠusion and metabolism properties of EN in the skin. Thus, evaluation using human and animal skin is cumbersome. A recent development in combinatorial chemistry and high throughput screening, however, has reduced the time required to perform research and development of therapeutic drugs. 13) Under these circumstances, we have been evaluating the skin permeability of several drugs using a cultured human skin model. In this study, a three dimensional cultured human skin model, Living Skin Equivalent-high (LSE-high)(Toyobo, Osaka, Japan), 14) was used, consisting of viable epidermis and dermis as well as stratum corneum. We found that the distribution parameters of drugs from the formulation to the skin barrier were similar between cultured human and excised hairless rat skins, whereas the diŠusion parameters were diŠerent (ca. 10 times). 15) Thus, the concentration-distance proˆle of penetrants in the cultural human skin is similar to that in the excised rat skin, although their permeation rates through the cultural skin (concentration-time proˆle) are much higher than that through the excised rat skin. In addition, it was found that the concentration-distance proˆles of prodrugs and metabolites in the actual skin are aŠected by the enzyme distribution. 11, 16) Then, concentration-distance proˆles of prodrugs W metabolites and enzyme distribution must be determined in a much shorter period of time using the LSE-high model.
In the present study, the simultaneous diŠusion and metabolism in the LSE-high model of EN was evaluated and compared with the corresponding results for hairless rat skin. The obtained results were used to evaluate the usefulness of this model as a testing model for short drug administration periods. In addition, the enzyme distribution in the skin was determined for this model and hairless rat skin. The usefulness of this model as an alternative to skin metabolism was also evaluated. Theoretical 1. Physical model for the simultaneous transport and metabolism of EN in skin: EN was metabolized to nicotinic acid (NA) by esterases in the viable epidermis and dermis and not in the stratum corneum during skin permeation. 11, 12) Figure 1 shows a predicted and typical concentration-distance proˆle of EN and NA in hairless rat skin and LSE-high after topical application of EN. These skin membranes consist of two layers; metabolically non-active stratum corneum and active viable epidermis and dermis. The thickness of the stratum corneum and viable epidermis and dermis were set at Lsc and Lved, respectively.
The concentration of EN at distance x and time t in the stratum corneum (Csc,EN) can be expressed by Fick's 2nd Law of DiŠusion as follows: where Ksc,EN is the partition coe‹cient for EN from the vehicle (applied solvent) to the stratum corneum, Kved,EN is that for the viable epidermis, and C d is the concentration of EN applied on the skin. The eOEux of NA from the viable epidermis to the donor compartment was ignored.
11)
The concentrations Csc,EN, Cved,EN and Cved,NA at position x and time t can be determined by eqns. 1 to 3 with the initial conditions of eqn. 4 and boundary conditions of eqn. 5. The skin permeation rates of EN and NA into the receiver JEN and JNA can be determined as follows:
The cumulative amounts of EN and NA that permeate the skin (QEN and QNA) over a time period t can be obtained by integrating JEN and JNA as follows:
2. Simultaneous diŠerence equations and the determination of permeation and enzymatic parameters: DiŠerence equations describing Fick's 2nd Law are as follows:
where Ci,j is the drug concentration at position i in the skin and time j after starting a skin permeation experiment: Dx is xi＋1-xi and Dt is tj＋1-tj. Substituting eqns. 10 and 11 into eqns. 1 to 3, Csc,EN, Cved,EN and C ved,NA at diŠerent positions and times can be determined as:
Cved,NA,i,j＋1＝rDved,NACved,NA,i-1,j
where r equals Dt W Dx 2 . The diŠerential equations for eqns. 6 and 7 thus become
JNA＝-Dved,NA Cved,NA,n＋1,j-Cved,NA,n,j Dx
where n is number of layers of the viable epidermis and dermis. The ‰uxes JEN and JNA were calculated according to eqns. 15 and 16 using Microsoft Excel. For this calculation, n was set to 10, and Dt was set to less than 0.5 for D･Dt W Dx 2 . The cumulative amounts for skin permeation for EN and NA, QEN and QNA, were obtained from the sum of each step of JEN and JNA, respectively. Each diŠusion coe‹cient D and partition coe‹cient K were determined by a least-squares method using the solver function in Excel. The conditions for the solver function were 100 s for the calculation limit, 0.000001 for the precision, 5z for the intersection and 0.001 for convergence. The PseudoNewtonian method was selected as the algorithm for the least-squares method.
Materials and Methods
Materials: EN and NA were supplied by Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). The esterase inhibitor diisopropyl ‰uorophosphate (DFP) 17) was obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan), and all other reagents and solvents were of reagent grade and used without further puriˆcation.
Silicone membrane preparation: A silicone membrane was prepared by mixing 10 g of silicone resin (Silastic } MDX4-4210, Daw Corning, MI, U.S.A.) and 1 g of its curing agent (Silastic } MDX4-4210), degassing the mixture under vacuum, and mechanically pressing it to 250 mm-thickness. The membrane was used for the experiments after washing with warm water (ca. 409 C).
Metabolism experiments using skin homogenates: Excided abdominal skin from a hairless rat (WBM W ILA-Ht, weight 200 g, Life Science Research Center, Josai University, Sakado, Saitama, Japan or Ishikawa Experimental Animal Laboratory, Fukaya, Saitama) or cultured human skin was mixed in an electric homogenizer by adding 19 times the volume of 1 W 30 M phosphate buŠered saline (PBS, pH7.4) in an iced bath to make 5z homogenates after cutting them using scissors. The resulting homogenates were centrifuged at 9,000×g to obtain the supernatant. DiŠerent concentrations of EN solution were prepared using 50-times diluting supernatant and incubated at 379 C to follow the time course of the amount (concentration) of NA which was metabolized from EN using HPLC. A Hanes-Woolf plot was used to calculate the metabolic parameters Km and Vmax:
where V is the production rate of NA from EN at a given EN concentration CEN. Preparation of skin membrane models: A threedimensional human skin model (LSE-high) was obtained from Toyobo Co. Ltd. Stripped LSE-high was prepared by carefully peeling the stratum corneum oŠ using forceps. 15) Separation of the viable epidermis from the dermis was also performed using forceps. The abdominal skin of a hairless rat was treated using an electric shaver and excess lipids were removed from the dermal side. Stripped hairless rat skin was obtained by stripping the stratum corneum oŠ 20-times using adhesive tape. The divided skin (epidermal side and Table 1 for the meaning of each letter in theˆgure. Theˆrst and second letters in each part of theˆgure are for stripped hairless rat skin and the stripped cultured human skin, respectively. 355 Drug DiŠusion and Metabolism in Cultured Skin Model dermal sides) was horizontally sliced to prepare two membranes of almost the same thickness using a micro blade.
Silicone membrane-skin composites were prepared by laminating a silicone membrane on the epidermal or dermal side of the whole, upper or lower stripped hairless rat or cultured human skins (LSE-high). Figure 2 illustrates the silicone membrane-skin composites used.
Skin permeation experiment: Table 1 summarizes the type of skin membranes used, application drugs (EN or NA), direction of the drug permeation through the skin (``positive'' meaning skin permeation from the epidermal to dermal side or``negative'' meaning vice versa), and experiments with or without pretreatment with the enzyme inhibitor DFP. Figure 2 also illustrates positive and negative permeation experiments. First, simultaneous diŠusion and metabolic proˆles for EN were measured using a full-thickness hairless rat and cultured human skin as shown in Table 1a and b. Then, eight types of permeation experiments were performed to determine the skin permeation parameters D and K as shown in Table 1c to j. Two skin permeation direction experiments (positive and negative, 12 in total) were carried out using silicone membrane composites with a Chart 1. Flow diagram used to determine several diŠusion and partition coe‹cients.
stripped hairless rat and cultured human skin as shown in Table 1k to v. In these experiments, the silicone membrane side was set facing the EN-donor to prevent back diŠusion of NA from the skin to the EN-donor side.
Either of these skin membranes was set in a 2-chamber diŠusion cell 18) (donor and receiver cell volume of 2.5 mL and eŠective diŠusion area of 0.95 cm 2 ) which had a water jacket containing circulating warm water at 379 C. For DFP pretreatment, 2.7 mmol W mL of DFP in pH7.4 PBS was applied to the receiver side of the diŠusion cell and maintained for 30 min. An EN solution (145 mmol W mL or 66.155 mmol W mL) or NA solution (161.8 mmol W mL) (each volume of 2.5 mL) was applied to the donor cell, whereas the same volume of fresh PBS with and without 0.54 mmol W mL DFP (lower concentration than that used for pretreatment) was applied to the receiver cell. Both compartments were agitated using a magnetic stirrer and stir bar at 12000 rpm. At predetermined times, an aliquot was withdrawn from the receiver solution and the same volume of fresh PBS with or without DFP (0.54 mmol W mL) was added to keep the volume constant. The EN or NA concentration in the receiver solution was assayed by HPLC.
HPLC Analysis: EN and NA were simultaneously determined using HPLC. The following HPLC system was used: pump (LC-6A, Shimadzu, Kyoto, Japan), UV detector (SPD-6A, Shimadzu), integrator (C-R6A, Shimadzu), system controller (SCL-6B, Shimadzu), auto injector (SIL-6B, Shimadzu) and column (Inertsil ODS 5C18 4.6 mm×250 mm, GL Science, Inc., Tokyo). Ethyl p-hydroxybenzoate was used as an internal standard. The mobile phase was composed of acetonitrile: 1 mM phosphoric acid (1:2), and detection was performed at UV260 nm.
Strategy and procedure for estimating the permeation parameters: The skin permeation parameters were measured step-by-step following the procedure shown in Chart 1. First, Dved,EN and Kved,EN were determined by permeation through stripped skin using DFP (Table 1e and f ) according to the method mentioned in the theoretical section. Next, Dsc,EN and Ksc,EN were determined by measuring the permeation proˆles of EN through full-thickness skin ( (Table 1i , j and g, h).
Results
Figures 3a, b and 3c, d show the time courses of the cumulative amount of EN, NA and their sum that permeated through full-thickness hairless rat skin and cultured human skin (these skin membranes contained the stratum corneum) without and with esterase inhibitor treatment, respectively, after EN application. This data corresponds to Table 1a to d. Since the skin permeation rates of several compounds through LSEhigh are ten times higher than those through excised rat skin, 15) 8 h-and 20 min-permeation experiments were performed using excised rat skin and the LSE-high model, respectively. Without DFP pretreatment ( Fig. 3a and b) , the cumulative amount of EN and NA that permeated through the skin almost proportionally increased with time after a short lag time. The permeation ratio of NA against the permeation of total nicotinate (EN＋NA) through cultured human skin was lower than that through excised rat skin. On the other hand, little NA permeation was observed for treatment with DFP ( Fig. 3c and d ) . In addition, the total amount of permeated EN was almost the same as that for total nicotinate without DFP treatment (Fig. 3a vs. 3c and Fig. 3b vs. 3d ) . These results suggest that the rate- 357 Drug DiŠusion and Metabolism in Cultured Skin Model limiting step for EN skin permeation is permeation through the stratum corneum, and that the skin barrier function does not change as a result of DFP pretreatment and DFP applied to skin membranes. Figures 4a, b and c, d , e, f show time courses of the cumulative amount of skin permeation of EN and NA, respectively, that permeated through stratum corneumstripped (Fig. 4a, b , e, f ) or full-thickness (Fig. 4c, d ) hairless rat (left threeˆgures) and cultured human skin (right threeˆgures), where these results correspond to Table 1e to j. Since ‰ux of a hydrophilic compound NA was lower than that of a lipophilic one EN, longer permeation experiments for NA were carried out than that for EN. DiŠerence in NA ‰uxes through full-thickness and stripped cultured human skin was much lower compared with those for hairless rat skin. This is due to a comparably lower barrier function of the stratum corneum of cultured skin (LSE-high) than excided rat skin.
15) The permeation proˆles were used to calculate the diŠusion coe‹cients D and partition coe‹cients K of EN and NA. Since the partition coe‹cient for EN from the vehicle to the viable epidermis and dermis Kved,EN was about 1, a recalculation was performed to obtain D and K byˆxing Kved,EN equal to 1. The recalculated permeation parameters are summarized in Table 2a . The partition coe‹cients for EN from vehicle to hairless rat and cultured human skin Ksc,EN were of the same order (32.1 and 17.5, respectively), but the diŠusion coe‹cients for the stratum corneum Dsc,EN for two skin membranes were diŠerent (2.05×10 -6 and 5.50×10 -3 cm 2 W h, respectively). In addition, D sc,NA for hairless rat and cultured human skin (7.41×10 -8 and 9.76×10 -6 cm 2 W h, respectively) were lower compared to the corresponding Dsc,EN, suggesting that no or little eOEux of NA from the skin to the EN-donor compartment occurred (see in the theoretical section).
The enzymatic parameters Km and Vmax for the conversion of EN into NA were calculated using a Hanes-Woolf plot (eqn. 17) of the results of a metabolism experiment using hairless rat and cultured human skin homogenates. The degradation coe‹cient for EN conversion into NA was obtained by dividing Vmax by Km measured at low EN concentrations. The results obtained are shown in Table 2b together with Most experiments were done using stripped skin except the experiments c and d (Table 1g , h) where full-thickness skin was used. An EN aqueous solution (145 mmol W mL) or NA saturated solution (161.8 mmol W mL) was applied. Symbols: , EN; , NA. Each point represents the mean±S.E. (n＝3¿5). Refer to Table 1 for each experiment. Table 2 . Permeation (a) and enzymatic (b) parameters for hairless rat and cultured human skin (a) Permeation parameters 9.76×10 -6
5.75×10
-3
2.44×10
-4
(b) Enzymatic parameters non-enzymatic degradation coe‹cient for pH7.4 PBS. The enzymatic degradation rate was greater than the non-enzymatic one, suggesting that hydrolytic conversion from EN into NA in skin was mostly due to enzyme activity. Twelve sets of skin permeation experiments were performed using composing silicone membranes on stripped hairless rat or cultured human skin. Whole stripped skin and half-thickness stripped skin (upper and lower layers for stripped rat skin and the viable epidermis and dermis for cultured human skin) were used. Two directions for the permeation experiments were evaluated; the positive one was for the drug permeation from the epidermis to dermis and the negative was for vice versa. Figures 5 and 6 show the time courses of the cumulative amount of EN and NA, and the total amounts that permeated through the silicone composite membranes on hairless rat and cultured human skin, respectively. This data corresponds to Tables 1k-p 
are also inserted to highlight the low skin permeation of NA in detail as seen in Figs. 5g, h and 6g , h. Steady-state ‰uxes for EN from the epidermis to dermis through whole, upper and lower layers of stripped hairless rat skin were 4.72, 8.97 and 12.44 mmol W min W cm 2 , respectively, as shown in Fig. 5a , c and e. The corresponding NA ‰uxes were 3.66, 3.24 and 3.67 mmol W min W cm 2 , respectively. Negative ‰uxes (from the dermis to epidermis side) for EN were 6.56, 11.68 and 11.62 mmol W min W cm 2 , respectively, as shown in Fig. 5b, d and f. The corresponding negative NA ‰uxes were 1.81, 1.49 and 4.31 mmol W min W cm 2 . The positive ‰ux for NA (from the epidermis to the dermis) through stripped hairless rat skin was about 2-fold that of the corresponding negative ‰ux. In addition, positive ‰ux for NA through the viable epidermis (upper layer of the stripped skin) was also 2-fold compared to the corresponding negative ‰ux. No Table 1 for each experiment. diŠerence, however, was observed for the NA ‰ux through the dermis (lower layer of the striped skin) between the positive and negative ‰uxes.
The steady-state ‰uxes for EN from the epidermis to the dermis through whole stripped, viable epidermal and dermal cultured human skin were 0.294, 0.357 and 0.391 mmol W min W cm 2 , respectively, as shown in Fig. 6a,  c 2 , and the positive ‰ux for NA was 2.5-fold higher than the negative ‰ux through stripped cultured human skin. The positive ‰ux through viable epidermis was also higher than the negative ‰ux, whereas no diŠerence between the positive and negative ‰uxes was observed for permeation through the dermal membrane.
Discussion
The metabolism or degradation in the skin is important especially for prodrugs and peptides that are easily metabolized or degraded when estimating the skin permeability of these drugs. We calculated the metabolic parameters for the rate of hydrolysis of the model ester-type prodrug EN to its parent drug NA in skin using Fick's 2nd Law of DiŠusion with MichaelisMenten kinetics. Table 2 summarizes the permeation and metabolic parameters of EN determined from experimental data for the skin permeation and homogenate experiments. The calculated Vmax for the cultured human skin and hairless rat skin were of the same order of magnitude, whereas Km for cultured human skin was one order higher than that for hairless rat skin. These results suggest that the amount or concentration of enzymes is of the same order but that their a‹nity for EN in hairless rat skin is higher than that in cultured human skin. Unfortunately, we cannot conclude that this is due to rat-to-human diŠerences in metabolism or actual skin-to-cultured skin diŠerences, since we used excised actual hairless rat and cultured human skin. In addition, the Vmax W Km value obtained at low EN concentration for cultured human skin was one-order lower than that for rat skin.
For the permeation parameters, K was of the same order of magnitude for cultured human skin and hairless rat skin, but D for cultured human skin was about 10-fold higher than that for hairless rat skin. These diŠerences are related to the experimental results that the amounts of EN or total (EN＋NA) that permeated through the cultured human skin over 20 min were almost the same as those through hairless rat skin over 8 h. No signiˆcant diŠerence was observed between Dved,EN and Dved,NA for hairless rat skin, whereas a diŠerence was found between these parameters for cultured human skin. In general, the diŠusion coe‹cient D is invasively proportional to the cubic root of the molecular volume or weight of the penetrant. Thus, these diŠerence between Dved,EN and Dved,NA for cultured human skin may have been due to the tortuosity of the permeation routes for EN and NA in the skin. Although we do not know the exact reason for the diŠerent diŠusivities for EN and NA in the cultured human skin, similar kinds of data were observed for several hydrophilic and lipophilic compounds from our previous experiments using cultured human skin. 15) As seen from the skin permeation data for EN with and without the enzymatic inhibitor DFP, the metabolic ratio from EN to NA for cultured human skin was lower than that from hairless rat skin. One reason for this is likely the retention time of EN in the skin. Since cultured human skin is thinner than excised hairless rat skin ( Table 2 ) and the diŠusion rate of EN through the former was greater than that through the latter, the retention time for EN for cultured skin must be shorter than that for rat skin. A shorter retention time results in lower metabolite production for the same enzymatic parameters. One more reason is about 30-fold higher degradation rate constant of EN (＝Vmax W Km) in hairless rat skin than that in cultured human skin. Again, we do not know a reason why a lower Km was found in the hairless rat skin than that in human cultured skin.
DiŠerent results were obtained for the diŠusion coe‹cients and metabolic parameters of EN, although its associated partition coe‹cients were of the same order of magnitude for cultured human and hairless rat skin. The simultaneous diŠusion and metabolism of prodrugs and their parent drugs through cultured human skin, however, can be theoretically analyzed by Fick's 2nd Law of DiŠusion with Michaelis-Menten kinetics and permeation and hydrolysis experiments of skin homogenates, similar to those through excised hairless rat skin.
The enzyme distribution in the skin is another important factor especially for drugs that exhibit therapeutic eŠects in cutaneous and subcutaneous tissues. Positive and negative direction of skin permeation experiments were performed to clarify the enzyme distribution using (whole) stripped skin, viable epidermis (or upper layer) and dermis (or lower layer). Higher positive ‰uxes for NA through stripped skin and the epidermis of cultured human skin after EN application (Fig. 6a, b, c, d ) suggests that the esterase concentration in the upper layer of the epidermis is greater than in the lower layers of the epidermis and dermis. Similar data was observed for stripped hairless rat skin (Fig. 5a,  b) .
11) The esterase concentration in the upper epidermis of the rat skin should also be higher than for other layers of skin. Since metabolism in human skin takes place mainly in the epidermis and not dermis, probably due to the up-take of the applied drugs from the upper dermis into cutaneous blood vessels, 19) the amount (V max ) and a‹nity (K m ) of enzymes in the epidermis must be considered, not in the dermis. The present results and related discussion suggest that the cultured human skin LSE-high can be utilized as a model membrane of human skin to rapidly evaluate skin permeation and metabolic properties of new prodrugs and drug entities by taking account the diŠerent diŠusion and metabolic capacities of these membranes, since partition coe‹cient of penetrants and their metabolites in the cultured human skin are similar to those in actual skin.
